Abstract: Based on clinical observations, women with polycystic ovarian syndrome (PCOS) are prone to developing several other diseases, such as metabolic and cardiovascular diseases. However, the molecular association between PCOS and these diseases remains poorly understood. Recent studies showed that the information from protein-protein interaction (PPI) network analysis are useful in understanding the disease association in detail. This study utilized this approach to deepen the knowledge on the association between PCOS and other diseases. A PPI network for PCOS was constructed using PCOS-related proteins (PCOSrp) obtained from PCOSBase. MCODE was used to identify highly connected regions in the PCOS network, known as subnetworks. These subnetworks represent protein families, where their molecular information is used to explain the association between PCOS and other diseases. Fisher's exact test and comorbidity data were used to identify PCOS-disease subnetworks. Pathway enrichment analysis was performed on the PCOS-disease subnetworks to identify significant pathways that are highly involved in the PCOS-disease associations. Migraine, schizophrenia, depressive disorder, obesity, and hypertension, along with twelve other diseases, were identified to be highly associated with PCOS. The identification of significant pathways, such as ribosome biogenesis, antigen processing and presentation, and mitophagy, suggest their involvement in the association between PCOS and migraine, schizophrenia, and hypertension.
Introduction
Polycystic ovarian syndrome (PCOS) is a hormonal disorder that affects women in their reproductive years, and its cause remains unknown due to its heterogenic symptoms [1] . PCOS patients are often observed with concurrent health problems such as hypertension [2] , type 2 diabetes mellitus [3] , cardiovascular and cerebrovascular diseases [4] , mental disorders [5] , ovarian cancer and endometrial cancer [6] , amongst others. However, the molecular mechanisms underlying the association between PCOS with these diseases remain unknown.
Novel insights into diseases and their relationships can be achieved through computational analysis on the integration of molecular data in comparing different diseases based on their shared interacting proteins. Diseases are classed as being comorbid based on the assumption that they share genetic components such as proteins and/or biological pathways [7] . Shared proteins can be identified from protein-protein interaction (PPI) network analysis. PPI is often used to elucidate the molecular basis of diseases and providing detailed knowledge on the proteins and their interaction that can be protein-protein interaction (PPI) network analysis. PPI is often used to elucidate the molecular basis of diseases and providing detailed knowledge on the proteins and their interaction that can be used to suggest and improve diagnosis, prevention, and treatment of the diseases [8, 9] . PPI network analysis provides information on shared genes and proteins in diseases to depict the interactions [10] . Several studies have demonstrated the use of the PPI network approach in understanding human diseases [9, [11] [12] [13] .
Here, a similar approach was applied to investigate the association between PCOS and other diseases. We used the MCODE algorithm to identify highly connected regions in the PCOS PPI network that represent molecular complexes. These complexes were used to discover shared proteins and shared pathways between PCOS and its associated diseases.
Results

Protein-Protein Interaction Network of PCOS
In total, 8185 PCOS-related proteins (PCOSrps) were used to build the PCOS PPI network. Overall. 20,277 interactions were established between 5213 PCOSrps. PPI information was obtained from the Human Integrated Protein-Protein Interaction Reference (HIPPIE) database. The remaining 2972 PCOSrps were excluded from the network due to the unavailability of their interaction partners and significant interactions calculated by HIPPIE. This dataset was used in the two-tier analysis, i.e., to search for diseases associated with PCOS using subnetworks (described as PCOS-disease subnetworks) and to identify all significant pathways in describing PCOS-disease associations (refer to pathway enrichment analysis).
PCOS-Disease Subnetwork
The MCODE algorithm with default parameters (node score cut-off = 0.2, degree cut-off = 2, k-core = 2, maximum depth set at 100) identified 77 PPI subnetworks in the PCOS network (Table A1) . Overall, 17 significant diseases that co-occur with PCOS were identified from the 12 PPI subnetworks based on the pvalue < 0.01 calculated from the Fisher's exact test (Figure 1 ). The association between PCOS and other diseases were discovered from the identification of proteins that occur in both diseases (we named them as shared proteins); i.e., the participation/presence of PCOSrps in other diseases. Some PCOSrps have been identified in other diseases such as migraine, ovarian cancer, schizophrenia, hypertension, and depressive disorder, along with twelve other diseases.
Figure 1.
A disease subnetwork highlights significant diseases associated with polycystic ovarian syndrome (PCOS). Shared PCOSrp-enriched subnetworks were evaluated using Fisher's exact test for their significance. Yellow node represents shared PCOSrp-enriched subnetwork and purple node refers to significant disease. Subnetwork 1 highlighted the association of PCOS with migraine, in which three PCOSrps were found in PCOS and migraine. These were 40S ribosomal proteins, namely RPS7, RPS10, and RPS26, which are involved in ribosome biogenesis.
In PCOS-disease subnetwork 8, five PCOSrps were found for ovarian cancer, suggesting the association between PCOS and ovarian cancers. Those proteins were BRCA1 (breast cancer type 1 susceptibility protein), CDKN1B (cyclin-dependent kinase inhibitor 1B), PPP1CC (serine/threonine-protein phosphatase PP1-gamma catalytic subunit), URI1 (unconventional prefoldin RPB5 interactor 1), and SKP2 (s-phase kinase-associated protein 2).
Subnetworks 26 and 34 suggested the association between PCOS and schizophrenia with the identification/existence of four PCOSrps (HLA-A (HLA class I histocompatibility antigen, A-2 alpha chain), HLA-C (HLA class I histocompatibility antigen, Cw-12 alpha chain), HLA-E (HLA class I histocompatibility antigen, alpha chain E), and LILRB1 (leukocyte immunoglobulin-like receptor subfamily B member 1)) in subnetwork 26 and 27 PCOSrps in subnetwork 34. Further, these proteins were found in schizophrenic patients, as listed in DisGeNET [14] . The PPI subnetwork analysis also suggested the association between PCOS and depressive disorder, as well as obesity, with the identification of 13 PCOSrps in depressive disorder and eight PCOSrps found in obesity. One PCOSrp (RAC-alpha serine/threonine-protein kinase, AKT1) was found to be involved in schizophrenia, depressive disorder, and obesity.
The association between PCOS and hypertension was discovered from subnetwork 28 with the identification of five PCOSrps; i.e., BBS1 (Bardet-Biedl syndrome 1 protein), BBS2 (Bardet-Biedl syndrome 2 protein), JUN (transcription factor AP-1), MYH9 (myosin-9), and SMAD4 (mothers against decapentaplegic homolog 4), and all these are linked to hypertension. Significant subnetworks with shared PCOSrps are presented in Table 1 . 
Pathway Enrichment Analysis
Pathway enrichment analysis was performed to find pathways that are statistically involved in PCOS and its associated diseases. The significant pathway is referred to the same pathway involved in both PCOS and its associated diseases. Information on the PCOS-disease association and their interacting shared proteins provides the opportunity to recognize potentially interesting gene and protein candidates that can be used to investigate the genetic basis of PCOS. Subnetwork 1 was enriched with ribosomal proteins that are involved in ribosome biogenesis or protein translation (Figure 2 ). In subnetwork 8, long-term potentiation was identified as a significant pathway, where PPP1CC and PPP1CA directly interacted with three PCOS-ovarian cancer-shared PCOSrps-i.e., BRCA1, PPP1CC, and URI1-and indirectly interacted with two shared PCOSrps (CDKN1B and SKP2; Figure 3) .
pathway, where PPP1CC and PPP1CA directly interacted with three PCOS-ovarian cancer-shared PCOSrps-i.e., BRCA1, PPP1CC, and URI1-and indirectly interacted with two shared PCOSrps (CDKN1B and SKP2; Figure 3) .
From the pathway enrichment analysis, subnetwork 26 was enriched with proteins involved in an antigen processing and presentation pathway that consisted of three PCOSrps (HLA-A, HLA-C, and HLA-E) shared between PCOS and schizophrenia ( Figure 4) .
Meanwhile, autophagy, apoptosis, and necroptosis were identified as significant pathways in subnetwork 34, which refers to the association of PCOS with schizophrenia, depressive disorder, and obesity ( Figure 5 ). The PCOS-hypertension association was identified from subnetwork 28, where mitophagy was a significant shared pathway between PCOS and hypertension ( Figure 6 ). Shared pathways for all identified PCOS-disease subnetworks are listed in Table 2 . On the other hand, four PCOS-disease subnetworks did not have any significant pathways. Possible reasons for this include: (a) the PCOSrps in those subnetworks are involved in different pathways, (b) there is no pathway information related to PCOSrps in the subnetworks, and (c) outdated or incomplete gene and protein annotations. From the pathway enrichment analysis, subnetwork 26 was enriched with proteins involved in an antigen processing and presentation pathway that consisted of three PCOSrps (HLA-A, HLA-C, and HLA-E) shared between PCOS and schizophrenia ( Figure 4 ). PCOS-disease subnetwork 8. This subnetwork showed shared proteins and shared pathway (longterm potentiation) between PCOS and ovarian cancer. Different coloring of nodes and lines represents PCOS-related proteins (red), shared proteins (orange), PCOS-disease interactions (blue), and proteinpathway interactions (green). Shape of nodes denotes PCOS-related proteins (circle), disease (triangle), and pathway (square). Meanwhile, autophagy, apoptosis, and necroptosis were identified as significant pathways in subnetwork 34, which refers to the association of PCOS with schizophrenia, depressive disorder, and obesity ( Figure 5 ). The PCOS-hypertension association was identified from subnetwork 28, where mitophagy was a significant shared pathway between PCOS and hypertension ( Figure 6 ). Shared pathways for all identified PCOS-disease subnetworks are listed in Table 2 . On the other hand, four PCOS-disease subnetworks did not have any significant pathways. Possible reasons for this include: (a) the PCOSrps in those subnetworks are involved in different pathways, (b) there is no pathway information related to PCOSrps in the subnetworks, and (c) outdated or incomplete gene and protein annotations. 
Discussion
In this study, we successfully identified 17 diseases from 12 PCOS-disease subnetworks using the MCODE algorithm. The diseases were significantly related to PCOS based on the Fisher's exact test 
In this study, we successfully identified 17 diseases from 12 PCOS-disease subnetworks using the MCODE algorithm. The diseases were significantly related to PCOS based on the Fisher's exact test calculated p-value of <0.001, and they were also found from clinical observations on PCOS women [15] . The association between PCOS and other diseases was identified using shared PCOSrps (the existence of PCOS-related proteins in other diseases) in the PCOS-disease subnetworks. Pathway analysis on the subnetworks has identified shared pathways between diseases. This information describes the association between PCOS and other diseases. Interestingly, some diseases that were known to be comorbid with PCOS were not identified; for example, type 2 diabetes mellitus and cerebrovascular diseases, even though both were reported by the patients [3, 4] . This is due to the insignificant values in the subnetworks formed by the interactions between shared PCOSrps in those diseases.
PCOSrps RPS7, RPS10, and RPS26 were found in PCOS-disease subnetwork 1. These proteins were categorized as shared proteins and might play a role in PCOS-migraine association. RPS7, RPS10, and RPS26 are ribosomal proteins that play a role in ribosome assembly and protein translation [16] . This pathway was categorized as a significant pathway in subnetwork 1, in consensus with the results of Polzikov et al., where they found that ribosomal proteins were significantly upregulated in the cumulus cells of women with PCOS [17] . Genes involved in the ribosome pathway were highly expressed in the blood of migraine patients [18] . The dysregulation of ribosome biogenesis associates with cell proliferation, where the abnormal cell proliferation is commonly found in the cumulus and granulosa cells of women with PCOS [19] , and the induction of stem cell proliferation was detected in migraine patients [20] .
BRCA1, CDKN1B, PPP1CC, SKP2, and URI1 were clustered in subnetwork 8 and categorized as shared proteins in PCOS and ovarian cancer, hence suggesting an association between the two. This subnetwork was enriched with the long-term potentiation pathway that is involved in synaptic efficacy and plays a role in learning and memory [21] . Long-term potentiation was found to be correlated with estrogen [22] . Elevated levels of estrogen are commonly detected in women with PCOS [23] and ovarian cancer [24] , thus enhancing long-term potentiation activity.
The association between PCOS and schizophrenia was identified in subnetwork 26 and subnetwork 34. The antigen processing and presentation pathway was significant in subnetwork 26, as the majority of the proteins in this subnetwork consist of HLA proteins, also known as major histocompatibility complex (MHC) proteins, which are main players in this pathway. This pathway was also involved in autoimmune diseases and immune reaction [21] . This result is supported by those of Li et al. from their epigenome-wide association study (EWAS), where DNA methylation profiling suggested the existence of an autoimmune basis in the pathogenesis of PCOS [25] . The antigen processing and presentation pathway was detected in schizophrenia patients based on the finding in the HLA region and from genome-wide association studies (GWAS) [26, 27] . There is also increasing evidence for the involvement of MHC in the pathogenesis of schizophrenia, such as neurogenesis, neuronal differentiation and migration, and synaptic plasticity [28] . All these associations suggest the possibility of antigen processing and presentation as one of the shared pathways between PCOS and schizophrenia.
PCOS-disease subnetwork 34 not only showed the association between PCOS and schizophrenia, but also displayed the association between PCOS, depressive disorder, and obesity. This finding suggests that schizophrenia, depressive disorder, and obesity can simultaneously occur in women with PCOS. This association exists if there is a perturbation in autophagy, which is one of the enriched pathways in subnetwork 34. Autophagy is a degradation process of cytoplasmic components mediated by lysosomes, involving four shared PCOSrps (AKT1, RB1CC1 (RB1-inducible coiled-coil protein 1), GABARAP (gamma-aminobutyric acid receptor-associated protein), and SNAP29 (synaptosomal-associated protein 29)) with schizophrenia, three shared PCOSrps (AKT1, HIF1A (hypoxia-inducible factor 1-alpha), and PRKACA (cAMP-dependent protein kinase catalytic subunit alpha)) with depressive disorder, and one shared PCOrp (AKT1) with obesity. Any interaction between PCOSrps involved in autophagy with AKT1, be it direct or indirect, is strongly associated with the development of these comorbidities. The autophagy-related genes were significantly downregulated in PCOS endometrial tissue [29] as found by Li et al. in their study on the dysregulation of autophagy in PCOS, where it was abnormally enhanced in both human and rat PCOS ovarian tissue [30] . Meanwhile, elevated insulin levels and/or insulin resistance are commonly seen in women with PCOS, and this is one of the most important mechanisms in PCOS pathogenesis [31, 32] . It was found to be able to impair ovarian autophagy and function in mice [33] . Recently, insulin-sensitizers such as inositol have been used to improve the insulin resistance in PCOS by regulating autophagy [34] . On the other hand, transcriptional profiling in schizophrenia patients showed the connection of autophagy dysregulation during a malfunction of autophagy-related genes in Brodmann Area 22 [35] . The brain tissues of patients with depressive disorder demonstrated the increase of apoptotic stress and apoptotic-related factors [36, 37] , suggesting the role of autophagy impairment in depressive disorder. Energy imbalance and neurohormonal dysregulation in obese patients were found to be tightly regulated by autophagy, hence suggesting its vital role in the pathophysiology of obesity [38] . Autophagy impairment is connected to the PI3K-Akt-mTOR signaling pathway and it is also associated with (i) PCOS, as it regulates the androgens, insulin, and insulin-like growth factors [39] ; (ii) mental illnesses, as it links to the protein synthesis in synapses [40] ; and (iii) obesity, as it is activated by excessive nutrition [30] . Pathway enrichment analysis on PCOS-disease subnetwork 34 identified apoptosis and necroptosis as shared pathways between PCOS and schizophrenia, depressive disorder, and obesity. Our finding corroborate with the findings from others [41] , suggesting crosstalk between these pathways in facilitating cell destruction.
Results of the pathway enrichment analysis of PCOS-disease subnetwork 28 suggested the comorbidity between hypertension and PCOS, as both diseases shared the mitophagy pathway. Four PCOSrps were identified to be involved in mitophagy, i.e., E2F1 (transcription factor E2F1), FOXO3 (forkhead box protein O3), JUN, and MAPK9 (mitogen-activated protein kinase 9). Mitophagy is a process of damaged mitochondria removal via autophagy [42] . Mitochondria are essential organelles in the oocyte, which play a critical role in oocyte maturation, fertilization, and embryo development [43, 44] . If mitochondria are disrupted by mitophagy impairment, PCOS oocyte structures will be deformed [43] . This leads to the production of poor-quality oocytes in women with PCOS [44] , and hence it will lower the fertilization rate of women with PCOS undergoing in vitro fertilization (IVF), even though the oocyte retrieval is higher [45] . Mitophagy impairment contributes to mitochondrial abnormalities and dysfunction in cardiovascular homeostasis. These conditions are found in cardiomyocytes of hypertensive rats [46] . Eisenberg et al. demonstrated the connection between mitophagy and hypertension, where dietary spermidine can lower the blood pressure and enhance cardiac mitophagy in hypertensive rats by eliciting cardioprotective effects [47] . JUN (a PCOSrp) plays a role in mitophagy, and it was also identified as a shared protein between PCOS and hypertension. These findings suggest the possibility of PCOS association with high blood pressure.
Findings from this study demonstrate that the integration of human PPI networks with protein-disease information and pathway enrichment analysis of the PCOS-disease network can be used as a proof-of-principle, where only several subnetworks were discussed as examples to describe the association of PCOS with 17 diseases. Important shared proteins and pathways between PCOS and specific associated diseases were identified, and further experimental studies need to be carried out to validate the obtained information that will provide new insights into molecular mechanisms of PCOS. A better understanding of the pathophysiology of PCOS will be essential for the management of PCOS and its complications. Nonetheless, these novel relationships could offer new insights into disease etiology and classification, as well assisting several aspects such as biomarker development, drug target discovery, and diagnosis improvement.
Materials and Methods
Compilation of PCOS-Related Proteins and Their Associated Diseases
PCOS-related proteins (PCOSrps) and their associated diseases were retrieved from PCOSBase (PCOSBase v1.0; www.pcosbase.org) [48] , a manually curated medically oriented database. PCOSBase compiles PCOSrp from nine protein-disease association databases (i.e., DisGeNET [14] , DISEASES [49] , Disease and Gene Annotation (DGA) [50] , GWAS Catalog [51] , GWASdb [52] , MalaCards [53] , Online Mendelian Inheritance in Man (OMIM) [54] , PhenomicDB [55] , and The Human Gene Mutation Database (HGMD) [56] and 31 gene and protein expression studies. Meanwhile, all diseases associated with PCOSrps that were listed in PCOSBase were retrieved from DisGeNET (www.disgenet.org) [14] .
Construction of PCOS PPI Network
A PCOS PPI network was constructed using a PCOSrp dataset obtained from PCOSBase, combined with the information on PCOSrps that were obtained from Human Integrated Protein-protein Interaction Reference (HIPPIE) (http://cbdm-01.zdv.uni-mainz.de/~{}mschaefer/hippie/) [57] . HIPPIE scores of ≥0.73 were chosen to ensure the reliability of interactions between proteins. Cytoscape v3.6.0 was used to construct and visualize the network [58] .
Construction of PCOS-Disease Subnetworks
The MCODE algorithm [59] , one of the Cytoscape v3.6.0 plugins, was used to find highly interconnected regions or those of high density in the PCOS network. Density of a subnetwork is a ratio of the number of subnetwork edges (|E|) and the maximum possible number of cluster edges (|E| max = |V|(|V| − 1)/2, where V is the number of nodes in the subnetwork). Density and number of nodes are used to calculate the score of each subnetwork (score = density × number of nodes) [59] . PPI subnetworks with more than two interactions were filtered (core > 2).
Each protein in a PPI subnetwork was annotated with disease-associated information compiled from DisGeNET [14] . Fisher's exact test was performed to identify diseases that were significantly (p-value < 0.01) associated with PCOS in every PPI subnetwork. This statistical significance test used the analysis of 2 x 2 contingency tables [60, 61] . The values of a, b, c, and d were determined for each disease in the subnetwork, as demonstrated in Table 3 . 
Shared PCOSrps
Non-shared PCOSrps
1 n is the total number of proteins in the PCOS protein-protein interaction (PPI) network.
Comorbidity data obtained from [15] supported the association between PCOS and its associated diseases as predicted in this study. PPI subnetworks that contained significantly associated diseases comorbid with PCOS women were categorized as PCOS-disease subnetworks and chosen for the pathway enrichment analysis in order to identify shared pathways between PCOS and its associated diseases. PCOSrps and PCOS-associated diseases were represented in different shapes of nodes in the PCOS-disease subnetwork.
Pathway Enrichment Analysis
The biological function of the subnetworks were determined from the pathway enrichment analysis using ClueGO [62] against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [21] . ClueGO was used to identify shared pathways in PCOS and its associated diseases from the PCOS-disease subnetworks. Shared pathways were identified using a hypergeometric test followed by the application of Bonferroni stepdown to calculate the false discovery rate (FDR). Overall method of this study is illustrated in Figure 7 .
The biological function of the subnetworks were determined from the pathway enrichment analysis using ClueGO [62] against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [21] . ClueGO was used to identify shared pathways in PCOS and its associated diseases from the PCOS-disease subnetworks. Shared pathways were identified using a hypergeometric test followed by the application of Bonferroni stepdown to calculate the false discovery rate (FDR). Overall method of this study is illustrated in Figure 7 . 
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